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Abstract
We present results of the mapping observations covering a large area of 1 square degree
around W40 and Serpens South carried out in the 12CO (J = 1− 0), 13CO (J = 1− 0), C18O
(J = 1− 0), CCS (JN=87− 76), and N2H+ (J = 1− 0) emission lines with the 45 m Nobeyama
Radio Telescope. W40 is a blistered H ii region, and Serpens South is an infrared dark cloud
accompanied by a young cluster. The relationship between these two regions which are sep-
arated by ∼ 20′ on the sky has not been clear so far. We found that the C18O emission is
distributed smoothly throughout the W40 and Serpens South regions, and it seems that the
two regions are physically connected. We divided the C18O emission into four groups in terms
of the spatial distributions around the H ii region which we call 5, 6, 7, and 8 km s−1 com-
ponents according to their typical LSR velocities, and propose a three-dimensional model of
the W40 and Serpens South complex. We found two elliptical structures in position-velocity
diagrams, which can be explained as a part of two expanding shells. One of the shells is the
small inner shell just around the Hii region, and the other is the large outer shell corresponding
to the boundary of the H ii region. Dense gas associated with the young cluster of Serpens
South is likely to be located at the surface of the outer shell, indicating that the natal clump of
the young cluster is interacting with the outer shell being compressed by the expansion of the
shell. We suggest that the expansion of the shell induced the formation of the young cluster.
Key words: ISM: molecules — ISM: HII regions — ISM: kinematics and dynamics — ISM: individual
objects (W40, Serpens South)
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1 Introduction
OB stars give significant influence on the physical and
chemical environments of the natal clumps, and trigger
formation of the new generation of stars (e.g., Elmegreen
& Lada 1977). Investigation of star formation around the
H ii regions is therefore essential to understand how star
formation occurs and evolves by the influence of H ii re-
gions.
W40 and Serpens South, a part of the Aquila cloud
complex, are deeply embedded in dust and gas. Several
infrared (IR) observations have revealed the global dust
distributions of the two regions. In figure 1, we show
an overview of the two regions in a three-color compos-
ite image of the 8.0 µm (red), 5.8 µm (green) and 4.5
µm(blue) emission from the Spitzer Space Telescope (here-
after, Spitzer). Recent VLBA parallax measurements by
Ortiz-Leo´n et al. (2017) indicate a distance of 436± 9 pc
for both W40 and Serpens South.
W40 is a blister-type H ii region (e.g., Vallee 1987) ex-
cited by a massive OB star cluster and is characterized
by the ‘hourglass-shaped structure’ (Rodney & Reipurth
2008) which was revealed by infrared observations us-
ing the Midcourse Space Experiment and Spitzer . The
hourglass-shaped structure consists of two interconnected
cavities having an extent of 17′×30′ oriented with one lobe
to the southeast and the other to the northwest (Rodney
& Reipurth 2008). Shuping et al. (2012) conclude that the
O9.5 star named IRS 1A South is the dominant source of
Lyman continuum luminosity needed to power the H ii re-
gion, and is the likely source of the stellar wind that has
made the hourglass-shaped structure. The dynamical age
of the H ii region has been estimated to be 0.19−0.78 Myr
(Mallick et al. 2013). There are dense molecular clumps
in and around the H ii region (e.g., Dobashi et al. 2005;
Dobashi 2011; Shimoikura et al. 2015; Rumble et al. 2016;
Shimajiri et al. 2017). In our previous study with the
12CO (J = 3− 2) and HCO+ (J = 4− 3) emission lines
(Shimoikura et al. 2015), we presented an evidence that
the velocity field of the region shows a great complexity
consisting of at least four distinct velocity components,
and two of the components at 5 km s−1 and 10 km s−1
are likely to be tracing dense gas interacting with the ex-
panding shell around the H ii region. Hundreds of young
stellar objects (YSOs) are associated with the region, in-
dicating active on-going star formation (e.g., Kuhn et al.
2010; Bontemps et al. 2010; Maury et al. 2011; Mallick
et al. 2013). Kuhn et al. (2010) suggested that the YSOs
are young with an age of ≤ 1 Myr. These results suggest
that the YSOs may be the second generation stars born by
the influence of the expanding shell of W40. However, the
previous studies were limited to a small area just around
the H ii region, not covering the entire W40 region. It is
therefore not yet evident how far the interstellar medium
around W40 is affected by the ionization front.
Toward the ∼ 20′ west to the W40 region, there is an-
other star-forming region Serpens South. This region can
be recognized as a filamentary obscuring structure in the
Spitzer image (see figure 1). A young cluster has been
found around the center of the structure (Gutermuth et al.
2008). The cluster consists of a large fraction of protostars,
some of which blow out the powerful collimated outflows
(Nakamura et al. 2011), indicating that they formed within
0.5 Myr in the past (Gutermuth et al. 2008). The filamen-
tary structure was found to consist of multiple smaller fil-
aments identified by gas and dust observations (e.g., Kirk
et al. 2013; Nakamura et al. 2014; Ferna´ndez-Lo´pez et al.
2014; Ko¨nyves et al. 2015). These filaments show veloc-
ity gradients along their elongation (e.g., Kirk et al. 2013;
Nakamura et al. 2014; Ferna´ndez-Lo´pez et al. 2014). Kirk
et al. (2013) suggested that the velocity gradient in one
of the filaments is due to gas accretion toward the central
young cluster. On the other hand, Ferna´ndez-Lo´pez et al.
(2014) pointed out that the velocity gradients along the
filaments can be interpreted as a projection of large-scale
turbulence, as they also found an existence of velocity gra-
dients perpendicular to the main axes of the filaments. On
a larger scale, results of low resolution molecular obser-
vations (∼ 3′) covering both W40 and Serpens South by
Nakamura et al. (2017) infer that the two regions might be
physically connected. In that case, we wonder how much
the Serpens South region can be influenced by the W40
H ii region. Though each region has been widely stud-
ied individually, their relationship has remained unclear to
date.
The IR observations as shown in figure 1 can reveal only
a part of the relationship of W40 and Serpens South, and
they provide information neither on the internal structure
nor the velocity field. To better illustrate the larger-scale
view of the surroundings of W40 and Serpens South and
to better understand the relationship between the two re-
gions, large-scale mapping observations in molecular emis-
sion lines with a high angular resolution is needed.
In this work, we mapped the whole region shown in fig-
ure 1 in some molecular lines using the 45 m telescope at
Nobeyama Radio Observatory (NRO). This study is based
on ‘the Star Formation Legacy project’ which is a large-
scale survey project of molecular gas in star-forming re-
gions. The outline of the project will be described in a
forthcoming paper (Nakamura et al. 2018, in prepara-
tion). Results of wide-field polarimetric observations to-
ward Serpens South is given in Kusune et al. (2018, in
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preparation; see also Sugitani et al. 2011). Results of
molecular line observations toward other star-forming re-
gions will be presented in separate articles (Dobashi et al.
2018, in preparation: Nakamura et al. 2018, in prepara-
tion: Shimoikura et al. 2018b, in preparation: Tanabe et
al. 2018, in preparation ).
The present study intends to understand the com-
plex spatial and velocity structures of both the W40 and
Serpens South regions by analyzing the molecular data.
We adopt a distance of 436 pc to the observed area (Ortiz-
Leo´n et al. 2017) in this paper.
We present the observational procedures in Section 2.
In Section 3, we show the global distributions of the molec-
ular gas. We also describe results of the analyses of the
temperature distributions and velocity fields. In addition,
we investigate the morphology and kinematics of the ob-
served regions. Our conclusions are summarized in Section
4.
2 Observations
2.1 Observations with the NRO 45 m telescope
Molecular observations were performed by using the NRO
45 m telescope. The observations were carried out for
∼ 150 hours in total in the period from 2015 April to 2017
March. The 12CO (115.271204 GHz), 13CO (110.201354
GHz), C18O (109.782176 GHz), CCS (93.870098GHz), and
N2H
+ (93.1737637 GHz) emission lines were observed si-
multaneously using the on-the-fly (OTF) mode. The half-
power beam width of the telescope at 110 GHz is ∼ 15′′,
corresponding to ∼ 6500 au at a distance of 436 pc. We
mapped an area of ∼ 1 square degree around W40 and
Serpens South in these lines.
We used the multi-beam receiver “FOREST” (FOur
beam REceiver System on the 45-m Telescope, Minamidani
et al. 2016) as the frontend to obtain the large maps. The
typical system temperatures were 170 K at 110 GHz. The
backend used was the digital spectrometers SAM45 hav-
ing a bandwidth of 31.25 MHz and a frequency resolution
of 15.26 kHz. The frequency resolution corresponds to a
velocity resolution of ∼ 0.04 km s−1 at 110 GHz. For in-
tensity calibration, the chopper-wheel method (Kutner &
Ulich 1981) was used. The telescope pointing was checked
by observing the SiO maser source V1111-Oph every 1.5
hour, which was found to be accurate within ∼ 5′′. We
also observed a small region (∼ 1.′5×1.′5) in Serpens South
every time we tuned the receiver to check the intensity cal-
ibration, and we found that the intensity fluctuations for
all of the lines are less than 10%.
The spectra were reduced by fitting the baseline with
linear functions, and the data were converted to 3-
dimensional data with a spheroidal convolution at an angu-
lar grid of 7.′′5 and a velocity resolution of 0.1 km s−1. The
velocity resolution was smoothed to this value to achieve
a high signal to noise ratio. We used the NOSTAR soft-
ware package (Sawada et al. 2008) for the reduction. We
finally obtained the spectral data with an effective angular
resolution of ∼ 22′′ at 110 GHz.
Following the calibration formulae available at the NRO
website1, we estimated the main beam efficiencies of the
45 m telescope for the 12CO, 13CO, C18O, CCS, and
N2H
+ lines to be 0.416, 0.435, 0.437, 0.497, and 0.500, re-
spectively, and used them to convert the obtained T ∗a scale
data to Tmb scale data. One sigma noise level of the re-
duced data is ∆Tmb = 0.8− 0.3 K for the ∼ 0.1 km s−1
velocity resolution. The observed molecular lines and the
resulting noise levels are summarized in table 1.
2.2 Archival data
We used Herschel archive data from Herschel Gould Belt
survey (HGBS), i.e., the 70, 250, 500 µm maps, dust tem-
perature map, and column density map of the observed re-
gion (Andre´ et al. 2010; Ko¨nyves et al. 2015). We also used
Spitzer data obtained from the public Spitzer archive2.
These infrared data are used to compare with the molecu-
lar lines data.
3 Results and Discussion
3.1 The molecular distributions
In figure 2, we show the 12CO, 13CO, and C18O spectra
averaged over the observed region. The C18O spectrum
has a single peak at VLSR = 7.3 km s
−1. There is a dip in
the 12CO and 13CO spectra at this velocity, which should
be due to absorption by colder gas in the foreground.
Figure 3 shows the integrated intensity maps of the
C18O, N2H
+, and CCS emission lines for the W40 and
Serpens South regions. As seen in figure 3a, the C18O
distributions around the densest parts of the W40 and
Serpens South regions are similar to the structures found
in our previous studies (e.g., Shimoikura et al. 2015;
Nakamura et al. 2014). The figure clearly shows that the
C18O emission is distributed over the entire observed area
continuously. In addition, as we will show later, radial
velocities of the emission line change smoothly over the
observed area (e.g., see figure 14). We therefore conclude
that the W40 and Serpens South regions are physically
connected.
1 https://www.nro.nao.ac.jp/ nro45mrt/html/prop/eff/eff-intp.html
2 http://archive. spitzer.caltech.edu/
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In figure 3b, we also show the C18O intensity map over-
laid on the composite image of Herschel 500 µm (red), 70
µm (green), and Spitzer 8 µm (blue). The C18O emission
is well correlated spatially with the dust emission revealed
by Herschel showing several dust filaments. We also show
a composite image around W40 made from Spitzer 8 µm,
2MASS Ks, and H bands in figure 4. We can see some
dark lanes absorbed by dust, which can be seen in the
dust emission in the Herschel image. These dust filaments
seem to be connected with Serpens South across the Hii re-
gion, and are associated with the C18O emission. One of
the filaments is located at the waist of the hourglass struc-
ture, and it is known that many YSOs are associated with
this dark lane (e.g., Kuhn et al. 2010; Maury et al. 2011;
Mallick et al. 2013) as seen in figure 5 which shows the dis-
tributions of young cores around W40 and Serpens South
cataloged by Andre´ et al. (2010) and Ko¨nyves et al. (2015).
In figure 3b, we also found that the Hii region is sharply
outlined by a cavity of the C18O emission: There is less
C18O emission in the southeast side of the W40 region as
well as in the region between W40 and Serpens South, and
such regions coincide well with the extent of the Hii region
seen as the bright blue region in the Spitzer image.
In figures 3c and 3d, elongated filamentary structures
are detected with the CCS and N2H
+ emission lines. The
CCS and N2H
+ emission lines are dominant toward a part
corresponding to the main body of Serpens South. The
morphology of the N2H
+ emission around the main body
well matches with that of the dust emission detected by
Herschel (shown in red in figure 3b), which is consis-
tent with the previous studies (Kirk et al. 2013; Nakamura
et al. 2014). We also found that the region showing the
N2H
+ emission around the OB cluster is compact, sug-
gesting that the N2H
+ emission is enhanced around the
OB cluster due to the high temperatures. The CCS emis-
sion is not detected in the W40 region above the 3σ noise
level, as we already found in our previous study with
CCS (JN = 43− 32) (Shimoikura et al. 2015). In Serpens
South, we found that the CCS intensity peak does not
coincide with the N2H
+ peak corresponding to the po-
sition of the young cluster. The CCS emission is the
strongest at ∼ 8′ north to the N2H+ intensity peak, and
from there, it extends to the northwest in the map (figure
3c). Observations of HC7N by Friesen et al. (2013) also
show that the strong molecular emission extends to the
north of the young cluster, showing similar distributions
seen in our CCS map.
In earlier studies, the CCS and N2H
+ emission lines
were surveyed only in a limited region around the OB clus-
ter in W40 (e.g., Pirogov et al. 2013; Shimoikura et al.
2015) or around the main body of the Serpens South (e.g.,
Kirk et al. 2013; Nakamura et al. 2014). Our maps reveal
the overall distributions of these molecular lines in W40
and Serpens South, and we found that they are detected
at some positions along the dust filaments as well as in
dust condensations in the H ii region, not only in the main
body of the Serpens South.
From the above results, we found that the ionization
front clearly delineates the boundary between the ionized
region and the molecular gas. The morphology of the C18O
distribution shows that W40 and Serpens South are molec-
ular clouds in the same system, and that they are shaped
by the expansion of the H ii region.
In addition, we found an extended C18O emitting region
which may be a reflection nebula in the west of Serpens
South. The distribution is consistent with one of the
Herschel dust filaments, and only a part of it is detected
in N2H
+ and CCS on the north side of the filament.
3.2 The temperature distributions
In figure 3, we found that there is an anti-correlation
between the C18O emission and the Spitzer image, and
the molecular gas seems to be influenced by the H ii re-
gion. To investigate the influence of the H ii region, we
first estimated the excitation temperature Tex for each ob-
served molecular line throughout the observed region. For
the estimation, we assumed the Local Thermodynamic
Equilibrium (LTE) and that the observed emission lines
are optically thin.
Under the LTE condition, Tmb is expressed by the fol-
lowing radiative transfer equation,
Tmb = [J(Tex)− J(Tbg)][1− exp(−τ(v))] (1)
where J(T ) =T0/(e
T0/T −1), T0 =hν/k, and Tbg = 2.73 K.
Here, ν is the rest frequency of the emission line, k is the
Boltzmann constant, h is the Planck constant, and τ(v) is
the optical depth as a function of velocity.
We estimated Tex of C
18O that we denoted as T coex from
the Tmb data of the optically thick
12CO line (τ  1) by
measuring the maximum value in the 12CO spectra. Line
parameters of the molecules were taken from Splatalogue3.
The T coex map obtained by using equation (1) is shown in
figure 6a. In figure 6b, we also show the dust tempera-
ture map Tdust for comparison, which is obtained by the
Herschel observations (Andre´ et al. 2010; Ko¨nyves et al.
2015).
For the N2H
+ molecule, we estimated the line param-
eters including the excitation temperature TN2H
+
ex as fol-
lows: The N2H
+ (J = 1−0) line has seven hyperfine com-
ponents (e.g., Caselli et al. 1995). Because all of the com-
3 www.splatalogue.net
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ponents have the same TN2H
+
ex and line width ∆V , we per-
formed a simultaneous fit with seven Gaussian components
to the observed N2H
+ (J = 1− 0) spectrum at each posi-
tion using equation (1). Here, τ(v) for the N2H
+ line can
be expressed as
τ(v) = τtot
7∑
i=1
Ciexp
−(v−V0 + vi)2
2σi2
(2)
where Ci is the normalized relative intensity (i.e.,∑7
i=1
Ci = 1) and vi is the artificial velocity difference due
to the slight differences of the rest frequencies. The pa-
rameters for the estimations are taken from Tine´ et al.
(2000) and Splatalogue. σi is the velocity dispersion that
can be expressed as ∆V /
√
8ln2 where ∆V is the veloc-
ity dispersion measured at full width at half maximum
(FWHM). We selected positions where the N2H
+ emis-
sion is detected with ≥ 10 σ, and performed the fitting
to derive the total optical depth of the seven hyperfine
components τtot, the peak LSR velocity V0, ∆V , Tmb,
and TN2H
+
ex of each position. We show the fitted values
of TN2H
+
ex across the observed region in figure 6c. In fig-
ure 7, we also show an example of the observed and fit-
ted N2H
+ spectra together with the C18O and CCS spec-
tra measured at some positions. Here, the derived pa-
rameters of N2H
+ at the position shown in figure 7c are
V0 = 7.66±0.01 km s−1, τtot = 3.18±0.06, ∆V = 1.72±0.03
km s−1, and TN2H
+
ex = 10.16±0.40 K. Similarly, the param-
eters at the position shown in figure 7e are V0 = 4.65±0.01
km s−1, τtot = 4.24± 0.11, ∆V = 0.70± 0.01 km s−1, and
TN2H
+
ex = 8.47± 0.70 K.
In figure 6a, the T coex reaches a value of 56 K in the
vicinity of the OB cluster, whereas T coex around the Serpens
region stays around ∼ 10 K and exceeds 15 K only around
the young cluster. We note that the derived values of T coex
are the lower limits since the 12CO line often shows heavy
self-absorption around ∼ 7 km s−1 as seen in figure 2. The
Tdust map clearly shows that the distribution is similar to
the shape of the H ii region traced by Spitzer , showing
decreasing temperature with increasing distance from the
ionized gas. Here, N2H
+ will be destroyed by CO evapo-
rated from grain surfaces at 25 K (e.g., Lee et al. 2004).
We found that Tdust around the OB cluster is higher than
25 K. As shown in figure 3d, the N2H
+ emission around
the OB cluster is compact, and we thus suggest that the
N2H
+ molecule is largely destroyed by CO evaporated from
dust. In the Serpens South region, there is a tendency that
the temperature becomes higher around the young cluster
in figure 6c: The TN2H
+
ex is > 5 K, which increases to ∼ 11
K in the dense regions where the young cluster is located.
The temperature around the young cluster is also high in
the Tdust map.
The temperature distributions of T coex , Tdust, and T
N2H
+
ex
roughly show a similar tendency: All of the maps show a
trend of decreasing temperature with increasing distance
from the Hii region, suggesting that the molecular gas and
dust in W40 are warmed by the radiation from the OB
cluster.
3.3 The velocity structure
To investigate the global velocity structures, we made
mean velocity V0 map of the C
18O , CCS, and
N2H
+ emission lines. For C18O and CCS, Tmb was mea-
sured through fitting the lines with a single Gaussian at
each observed position. V0 was then measured at each po-
sition as
V0 =
∫
Tmbvdv∫
Tmb dv
. (3)
We show the results in figures 8a and 8b. For the N2H
+
(J = 1−0) line in figure 8c, we show the values of V0 fitted
with equations (1) and (2) as described in the previous
subsection.
The global spatial distributions of V0 of the three emis-
sion lines show a similar velocity gradient from inner re-
gions of W40 to the Serpens South region. We found that
Serpens South is accompanied by molecular gas with multi-
ple velocity components, as reported in the previous stud-
ies for limited regions (e.g., Kirk et al. 2013; Ferna´ndez-
Lo´pez et al. 2014; Nakamura et al. 2014): In the southern
part of Serpens South, the three emission lines are detected
at ∼ 6− 7 km s−1, while these are detected at higher ve-
locities in the northern part.
In figure 9, we also show the velocity dispersion ∆V
maps for the three emission lines. The ∆V maps for the
C18O and CCS emission lines are derived from a single
Gaussian fitting for each line profile. In the case of C18O ,
∆V is especially larger around the H ii region. The reason
for the larger ∆V is that there are multiple velocity com-
ponents as can be seen in the spectra in the figure. We
also found that ∆V of CCS and N2H
+ tends to be large
around the young cluster of Serpens South, which is also
seen in the spectra shown in figure 7c. This is also thought
to be due to the existence of multiple velocity components,
as we will suggest in subsection 3.5.
3.4 The distribution of the fractional abundance
To understand chemical characteristics of the observed re-
gion, we estimated fractional abundances of C18O , CCS,
and N2H
+ . On the assumption of the LTE condition, the
column density of C18O and CCS, N(C18O ) and N(CCS),
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respectively, can be approximated using the integrated in-
tensity of the lines,
∫
Tmbdv, with the following formula
(e.g., Hirahara et al. 1992; Mangum & Shirley 2015),
N =
3h
8pi3
Q
µ2Sij
eEu/kTex
eT0/Tex − 1
∫
β−1Tmbdv
J(Tex)− J(T bg) (4)
where Q is the partition function approximated as Q =
k Tex/hB0 + 1/3 (e.g., Mangum & Shirley 2015). B0 is
the rotational constant of the molecule. µ is the dipole
moment, Eu is the energy of the upper level, and Sij is the
intrinsic line strength of the transition for i to j state. β is
the escape probability related with the optical depth τ as
β = (1− e−τ )/τ , and β = 1 for τ  1. For Tex, we adopted
T coex for C
18O , and a fixed value of 5 K for CCS measured
in dark clouds (e.g., Hirota et al. 2009). The spectral line
parameters are taken from Splatalogue.
For the estimation of the column density of N2H
+ ,
N(N2H
+ ), we used the following formula (e.g., Caselli
et al. 2002; Mangum & Shirley 2015),
N(N2H
+) =
8pi3/2
2
√
ln2
Qν3
c3Agu
τtot∆V
1− e−T0/Tex (5)
where gu is the degeneracy of the upper level of a transi-
tion, A is the Einstein coefficient for spontaneous emission.
We calculated Q using the excitation temperature TN2H
+
ex
derived in Section 3.2. We summarize the line parameters
used in this study in table 2.
We then estimated the fractional abundances of the
three molecules, f(C18O ), f(N2H
+ ), and f(CCS), by di-
viding their derived column densities by the H2 column
density derived from the dust data by Herschel . For this,
we re-gridded and smoothed the H2 column density data
to the same angular resolution of the 45 m data (∼ 22′′).
Figure 10 shows the resultant fractional abundance maps.
The value of f(C18O ) reaches as high as ∼ 10−6 around
the center of W40, but it is apparently much lower in
Serpens South, which may be due to the depletion of
C18O onto dust in the cold and dense interior of the
Serpens South filament. On the other hand, f(N2H
+ )
is high in Serpens South. f(CCS) is also high in Serpens
South, which means that the Serpens South region is in
an earlier evolutionary stage than the W40 region (e.g.,
Shimoikura et al. 2012, 2018). In the Serpens South re-
gion, the low values of f(C18O ), f(CCS), and f(N2H
+ )
are seen at the position of the young cluster. Because the
difference of the fractional abundances infer the difference
of chemical reaction time (e.g., Suzuki et al. 1992), the
northern part of the Serpens South filament is likely to be
younger than the southern part. The next cluster forma-
tion may occur in the northern part of the filament, as
suggested by Nakamura et al. (2014).
3.5 The four velocity components
To investigate the velocity distribution of the C18O emis-
sion in more detail and to investigate the relation between
the ionization front and the molecular gas, we made chan-
nel maps of the C18O emission with a step of 0.3 km s−1,
and show them in figure 11 together with the Spitzer com-
posite image same as figure 1.
In the figure, the C18O distribution shows a complex
velocity structure and varies from panel to panel. Most
of the C18O emission concentrates at ∼ 7 km s−1, and
the emission associated with Serpens South is also found
around this velocity. At low velocities in panels a − e, the
C18O emission is found only around the OB cluster. At
higher velocities in the other panels, the emission tends
to be located in the periphery of the H ii region seen in
the Spitzer image, for which we suggest that the C18O
emission should trace the gas swept up by the expansion
of the H ii region.
As shown in the panels 1− 3 of figure 9, there found
a number of velocity components detected in C18O in
the observed region. Based on the inspection of the
channel maps, we decided to categorize the emission into
four groups in terms of the apparent spatial distributions
around the H ii region. We shall call them 5, 6, 7, and 8
km s−1 components according to their typical LSR veloc-
ities. These components show different features and are
helpful to understand the global velocity structure of the
observed region. Figure 12 shows distributions of the four
components superposed on the Spitzer image (figure 1).
In the following, we summarize the characteristics of the
components seen in figures 8 − 12.
5 km s−1 component: As seen in figure 12a, The
molecular gas with LSR velocities in the range 4.3≤VLSR≤
5.9 km s−1 is mainly located just around the H ii region.
The excitation temperature of this component is very high
in the Hii region, suggesting that the component is located
near the exciting sources (the OB cluster) and is warmed
by the radiation from them.
6 km s−1 component: As seen in figure 12b, the
molecular gas with LSR velocities 5.9≤ VLSR ≤ 6.8 km s−1
are found around the H ii region and at the southern part
of the main body of Serpens South. The component lo-
cated around the H ii region shows a ring-like structure
surrounding the 5 km s−1 component. In addition, there
is a filament at ∼ 6 km s−1 with an elongation of ∼ 3 pc at
the most western side in the observed area (as labelled “fil-
ament A”). This filament shows an anti-correlation with
the 8 km s−1 component shown in figure 12d.
7 km s−1 component: As seen in figure 12c, the
molecular gas with LSR velocities in the range 6.8<∼VLSR<∼
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7.5 km s−1 are found mainly around the Serpens South
region as well as in the periphery of the H ii region. The
diffuse and extended emission is also detected in the Hii re-
gion, being coincident with the dark lane. The component
associated with the dark lane is extending from the Serpens
South region to the W40 region, as traced by the broken
line.
8 km s−1 component: As seen in figure 12d,
the molecular gas with LSR velocities in the range
7.5 <∼ VLSR <∼ 8.8 km s−1 appears to lie at the boundary
of the H ii region. The component is seen mostly in the
north-western side of the H ii region.
In our previous study using the 12CO (J = 3− 2) and
HCO+ (J = 4−3) emission lines performed only in the lim-
ited region around the W40 H ii region, we reported that
there are velocity components at VLSR' 3, 5, 7, and 10 km
s−1 (Shimoikura et al. 2015). These velocity components
are mostly single peaked components with well-defined ra-
dial velocities and are not categorized in the same way
as the four components in the above, but the 5 and 7
km s−1 components found in the previous study can be
merged into those categorized in this work. The ∼ 3 and
∼ 10 km s−1 components found in the previous work are
not detected in C18O in this study with a good signal-to-
noise ratio. However, they are clearly detected in the 12CO
(J = 1− 0) and 13CO (J = 1− 0) lines. In figure 13, we
show the distributions of the ∼ 3 and ∼ 10 km s−1 compo-
nents detected in the 13CO (J = 1− 0) data, and we shall
call them the 3 and 10 km s−1 component, respectively.
These components are seen around the OB cluster as we
already found in the earlier study. In this study, we further
found that the 10 km s−1 component is widely distributed
over the observed area, especially in the periphery of the
H ii region like the 8 km s−1 component in figure 12d.
In summary, the distributions of the identified compo-
nents indicate an interaction between the H ii region and
the surrounding molecular gas. The components at higher
velocities (i.e., 7, 8, and 10 km s−1) tend to exhibit an arc-
shaped structure and are located at the boundary of the
Hii region, suggesting that they may be tracing expanding
shell of the H ii region.
3.6 The two expanding shells
To better understand the spatial and velocity distributions
of molecular gas and to investigate the effect of the expand-
ing H ii region on the surroundings, we made position-
velocity (PV) diagrams across the observed region using
the C18O data. Figure 14 displays a series of the PV dia-
grams measured along the cuts centered at the position of
IRS1A South toward various directions. In each PV dia-
gram, the position of IRS1A South as well as the positions
separated by ±1000′′ away from the source roughly corre-
sponding to the boundary of the H ii region are indicated
by the white broken lines.
We found elliptical structures in the diagrams as we
indicate two of them by ellipses in panels i and p where
the structures are evident. The elliptical structures should
be due to expanding shell(s) of the H ii region centered at
IRS1A South or the OB cluster. We suggest that there
are two shell-like structures: One is the small inner shell
just around IRS1A South shown by the ellipse in panel
p, and the other is the large outer shell corresponding to
the boundary of the H ii region delineated by the ellipse in
panel i. The ellipses in the panels indicate that the inner
and outer shells have a radius of ∼ 0.5 pc and ∼ 2.5 pc,
and an expanding velocity of ∼ 3 km s−1. The expansion
time scale of the two shells can be estimated by dividing
the radius by the velocity to be 1.6× 105 yr and 8.1× 105
yr for the inner and outer shells, respectively, which is
consistent with the dynamical age of the H ii region (1.9×
105−7.8×105 yr) estimated by Mallick et al. (2013) based
on the radio continuum observations. We also estimated
the mass within the outer shell (the northwest side of the
W40 region) to be ∼ 1× 103M4.
We suggest a possibility that the two shell-like struc-
tures were created due to the inhomogeneous density dis-
tribution of the dense gas around the H ii region. As seen
in figure 12, there are some patchy dense clumps (e.g., the
5−7 km s−1 components) in the vicinity of IRS 1 A South
and the OB cluster. Expansion of the H ii region should
be slowed or blocked by such clumps, and some parts of
the expanding shell facing to the clumps should appear as
the inner shell, while the rest of the shell should appear
as the outer shell, as illustrated in figure 15. We further
suggest that this may be the very mechanism to create the
hourglass-shaped structure of the H ii region.
3.7 The cluster formation in Serpens South
We investigated whether the expansion of the H ii region
influenced the cluster formation in Serpens South. Figure
16a (same as figure 14b) shows the PV diagram measured
along the cut b’-b crossing the position of the young cluster
of Serpens South. The outer shell delineated by the ellipse
in figure 16a is not seen very well in the C18O emission, so
we show in figures 16b and c the PV diagrams of the 13CO
4 The mass is derived from the Herschel-based N (H2) data as M =
αmH
∫
S
N(H2)dS where S is the area of the H ii region determined
within the radius of the outer shell (R = 2 pc), α is the mean molecular
weight taken to be 2.8, and mH is the mass of a hydrogen atom.
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and 12CO emission taken along the same cut, respectively,
where the outer shell can be better recognized. As seen
in the PV diagrams, the dense gas associated with the
young cluster (evident in figure 16a) is very likely to be
located at the surface of the outer shell, indicating that
the natal clump of the cluster can be affected by the shell.
Actually, as seen in figure 16a, the velocity dispersion is
enhanced abruptly at the position of the cluster (up to ∼ 2
km s−1) compared to the adjacent positions, which can be
recognized also in the ∆V maps presented in figures 9b
and c. Though the observed enhancement of the velocity
dispersion may be partially due to the feedback of star
formation (e.g., outflows), this may support the idea that
the natal clump of the young cluster is interacting with
the outer shell being compressed by the expansion of the
shell, which may have induced the formation of the young
cluster.
To further investigate the influence of the outer shell,
we created a PV diagram for the C18O and CCS emission
along the major axis of the Serpens South filament, which
is shown in figure 16d. In the figure, there can be found two
major velocity components as labeled “X” and “Y” which
correspond to subfilaments extending to the southeast and
northwest, respectively. The subfilament X has a velocity
(∼ 6 km s−1) slightly lower than the systemic velocity (∼ 7
km s−1), and the subfilament Y has a velocity same as the
systemic velocity. The young cluster is apparently located
at the intersection of the subfilaments X and Y, and both
of them are located around the surface of the outer shell.
This positional coincidence infers a scenario that the sub-
filament X has been accelerated by the expansion of the
outer shell and recently collided against the subfilament Y
to induce cluster formation at the intersection.
The previous studies (e.g., Kirk et al. 2013; Nakamura
et al. 2014) also reported that Serpens South consists of
molecular filaments with different velocities. Nakamura
et al. (2014) suggested that the collisions of the filaments
with the different radial velocities may have triggered the
cluster formation like what we discuss in the present study.
The PV diagram of figure 16d shows a velocity gradient
from southeast to northwest of ∼ 0.7 km s−1 pc−1, which
is consistent with that found by the previous studies (Kirk
et al. 2013; Ferna´ndez-Lo´pez et al. 2014). Kirk et al. (2013)
interpreted that the velocity gradient is an evidence of ma-
terial flowing inside the filaments, leading to infall toward
the intersection of the filaments where the cluster forma-
tion takes place. However, Ferna´ndez-Lo´pez et al. (2014)
suggest that the velocity gradients can also occur in scenar-
ios where filaments are created by large-scale turbulence.
We basically agree with the scenario suggested by
Nakamura et al. (2014) that the cluster formation was in-
duced by collisions of filaments. Our subfilaments X and
Y correspond to their filaments F8 and F1-3, respectively
(see their figure 3). We further suggest that the outer
shell of the W40 H ii region have played a crucial role to
accelerate the southeastern part of the filament (i.e., the
subfilament X) leading to the collisions of the filaments.
Also, the outer shell may have influenced directly on the
natal clump of the cluster by compressing it to trigger the
cluster formation.
3.8 The global 3D structure
In our previous work (Shimoikura et al. 2015), we investi-
gated the three-dimensional structure of W40 just around
the H ii region. Because we are now almost confident that
W40 and Serpens South belong to the same system, we
will try to investigate the three-dimensional structure of
the entire system based on the data obtained in this study.
In figure 17, we present the spatial distributions of each
component together with the IR images. Considering the
velocity difference of each component with respect to the
systemic velocity at 7 km s−1 as well as the expanding
motion of the Hii region, the W40 + Serpens South system
should be structured basically in such a way that the 5 km
s−1 and 6 km s−1 components are located on the near
side of the H ii region facing toward us, and the 8 km s−1
component is located on the far side.
Based on the above picture, we attempt to reveal the
locations of the individual components in the system. The
5 km s−1 component is distributed only around the center
of the H ii region. It must be the dense gas close to and
being blown away by the Hii region, and moving toward us.
This component is probably located at the inner shell. The
6 km s−1 component and a part of the 7 km s−1 component
seen around the main body of Serpens South appear as the
absorption (i.e., dark) in the Spitzer image, delineating
the shape of the Serpens South filaments. The absorption
indicates that they must be the dense gas located in the
foreground of the H ii region. The dark lane located in
the waist of the H ii region at 7 km s−1 also obscures the
central part of the H ii region in the Spitzer image, and
therefore it must be located in the foreground. The 8 km
s−1 component is found mainly in the northern part of the
observed region, and it does not appear as the absorption
in the Spitzer image, suggesting that it is located rather
in the back of the H ii region.
We further attempt to model the locations of the 3 and
10 km s−1 components identified with the 13CO data in
the same way. We found a high temperature of ∼ 30 K
for the components as seen in figure 6a, suggesting that
they are located close to the central OB stars. As seen in
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the PV diagram of figure 16c, the 10 km s−1 component is
apparently located at the inner shell of the H ii region on
the far side to the observer, which is consistent with the
suggestion in our previous study (Shimoikura et al. 2015).
The 3 km s−1 component is also likely to be located at the
inner shell but on the near side to the observer, like in the
case of the 5 km s−1 component.
In figure 18, we summarize the geometry of the entire
W40 and Serpens South system inferred from the above
discussion. The morphology and kinematics around the
W40 H ii region are consistent with what we proposed be-
fore (Shimoikura et al. 2015). Finally, using the Herschel-
based N(H2) data, we estimated the total mass of the four
components to be ∼ 200, ∼ 1200, ∼ 5000, and ∼ 2000M
for the 5, 6, 7, and 8 km s−1 component, respectively5.
As seen in the PV diagrams (figure 14), the velocity dis-
tribution of each component is narrow with a line width of
∼1 km s−1, except for the 5 km s−1 component. According
to Beaumont & Williams (2010) who observed 43 bubbles
associated with Hii regions, there is often a ring of cold gas
driven by massive stars, and Hii regions form in flat molec-
ular clouds with a thickness of a few parsecs. We point out
a possibility that some filamentary structures seen around
the equator of the hourglass-shaped W40 H ii region can
be an edge-on view of a sheet-like or ring-like cloud, like
what was suggested by Beaumont & Williams (2010) for
other H ii regions.
In general, as an advancing ionization front wraps pre-
existing clumps, its pressure triggers a gravitational col-
lapse and star formation (e.g., Elmegreen & Lada 1977).
The two shells we found in this study have apparently been
created by the Hii region, and they may be such a place of
sequential star formation, as it is actually evident in figure
5 showing the distributions of YSOs (Andre´ et al. 2010;
Ko¨nyves et al. 2015). In the W40 and Serpens South sys-
tem, star formation probably occurred in W40 first, and
then the next-generation stars are forming in clouds along
the expanding shells. We suggest that the young cluster
in Serpens South was also induced by the expansion of the
H ii region. This idea is consistent with the fact that the
CCS emission is strongly detected in the Serpens South
region while it is not detected in W40, indicating that the
Serpens South region is much younger than the W40 re-
gion.
5 We defined the extents of the four components by the 1.0 K km s−1 con-
tours of the C18O intensity (e.g., figure12), and derived the masses of the
components by integrating N (H2) within the extents. For a pixel belonging
to two or more velocity components, the mass in the pixel is shared by the
components proportionally to the C18O intensities of the components.
4 CONCLUSIONS
Large-scale mapping observations of the star-forming re-
gions of W40 and Serpens South were performed in 12CO,
13CO, C18O, CCS, and N2H
+ using the NRO 45 m tele-
scope. We revealed the complex distributions of the molec-
ular emission lines and their radial velocities in the regions.
We found that the C18O emission is smoothly distributed
over the both W40 and Serpens South regions, suggesting
that the two regions belong to the same system. The CCS
and N2H
+ emission lines are enhanced in Serpens South.
Serpens South is characterized by its filamentary structure
in the infrared images such as by Spitzer and Hershell,
and it is accompanied by a young cluster near the center of
the structure. On the other hand, in W40, the CCS emis-
sion is not detected significantly, and the N2H
+ emission is
detected almost only around an OB cluster at the center.
Based on the C18O observations, we divided the molec-
ular gas into four velocity components which we call 5, 6, 7,
and 8 km s−1 components according to their typical LSR
velocities. We found that two elliptical structures are seen
in the position-velocity diagrams, which can be explained
as a part of two expanding shells. One of these shells is
the small inner shell found in the vicinity of the Hii region,
and the other is the larger outer shell corresponding to the
boundary of the Hii region. The dense gas associated with
the young cluster in Serpens South is likely to be inter-
acting with the outer shell, for which we suggest that the
cluster was induced to form by the interaction with the
expanding outer shell.
Strong CCS emission is detected in Serpens South while
it is not detected in W40, which means that the Serpens
South region is younger than the W40 region in terms of
chemical reaction. This result is consistent with the sce-
nario that the star formation initially occurred in W40
and then the young cluster in Serpens South was induced
to form by the interaction with the expanding shell of the
H ii region.
Based on the morphologies and velocity distributions
of the four velocity components as well as their appear-
ance in the infrared images, we made a three-dimensional
geometrical model of the W40 and Serpens South regions.
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Table 1. The observed molecular lines
Molecule Transition Frequency1 Effective beam size ∆Tmb
2
(GHz) (′′) (K)
N2H
+ J = 1− 0 93.1737637 24 0.27
CCS JN=87− 76 93.8700980 24 0.26
C18O J = 1− 0 109.7821760 22 0.33
13CO J = 1− 0 110.2013540 22 0.36
12CO J = 1− 0 115.2712040 22 0.87
1 The rest frequency for the N2H
+ line is taken from Pagani et al.
(2009), and those of the other lines are taken from the website of
Lovas (1992).
2 The one sigma noise level at a velocity resolution of 0.1 km s−1.
Table 2. Constants of the observed molecular lines
Molecule Transition Sij B0 µ Eu gu A
(GHz) (Debye) (cm−1) (s−1)
N2H
+ J = 1− 0 - 46.586867 - - 3 3.628×10−5 ∗
CCS JN=87− 76 7.97 6.47775036 2.88 13.82557 - -
C18O J = 1− 0 1.00 54.8914 0.110 3.66194 - -
∗Pagani et al. (2009)
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Fig. 1. The W40 and Serpens South regions shown in a three-color composite image made with the 8.0µm (red), 5.8µm (green) and 4.5µm (blue) data by
Spitzer . The plus signs indicate the positions of the high mass infrared sources IRS 1A South, IRS 2B, IRS 3A, and IRS 5 (Smith et al. 1985; Shuping et al.
2012).
Fig. 2. The 12CO, 13CO, and C18O spectra averaged over the pixels detected at the > 5σ noise level. The vertical dashed line indicates the peak radial
velocity of the averaged C18O spectrum (VLSR = 7.3 km s−1).
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Fig. 3. Velocity-integrated intensity maps of the (a) C18O, (c) CCS, and (d) N2H+ emission lines, respectively. Velocity ranges in units of km s−1 used for the
integration are shown in the parentheses, and the contour levels of the lowest / intervals in units of K km s−1 are shown in the brackets above each panel. In
panel (b), the C18Omap (white contours) is overlaid on a composite color image of Herschel 500 µm (red), 70 µm (green), and Spitzer 8.0 µm (blue).
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Fig. 4. Composite image of W40 made with Spitzer 8µm (red), 2MASS Ks (green), and H (blue). Some dark lanes are shown with a white arrow.
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Fig. 5. Distributions of cores reported by Andre´ et al. (2010) and Ko¨nyves et al. (2015) shown on the C18Omap. Starless, prestellar, and protostellar cores
are indicated by black, pink, and red circles, respectively. The starless cores are the cores without YSO candidates and the prestellar cores are the cores with
YSO candidates (see, Ko¨nyves et al. 2015).
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Fig. 6. (a) Excitation temperature map derived from the 12CO (J = 1− 0) data. (b) Dust temperature map (Andre´ et al. 2010; Ko¨nyves et al. 2015).
(c) Excitation temperature map of N2H+ (J = 1− 0) (middle), and the close-up view of the W40 region (left) and the Serpens South region (right). The
C18O intensity map in figure 3a is overlaid in panels (a) and (b) by the white contours. The lowest contour and the contour interval are 4 K km s−1 and 2 K
km s−1.
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Fig. 7. C18O , N2H+ , and CCS spectra observed at some positions indicated by the black plus signs. Results of the hyperfine fit of the N2H+ spectra are
also shown. The map in the middle represents the N (H2) distribution derived from the Herschel data in units of cm−2 (e.g., Andre´ et al. 2010). The lowest
contour and the contour interval of the N (H2) map are 3× 1022 cm−2.
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Fig. 8. Mean velocity maps of the (a) C18O, (b) CCS, and (c) N2H+ emission lines. The map of N2H+ was obtained by fitting all of the hyperfine lines (see
text). (d) Close-up view of each map for the Serpens South region.
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Fig. 9. Velocity width (FWHM) maps of the (a) C18O, (b) CCS, and (c) N2H+ emission lines. In panel (a), the C18O spectra observed at some positions
indicated by the black arrows are shown. Orange arrows denote distinct velocity components seen in the spectra.
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Fig. 10. Fractional abundance maps of (a) C18O, (b) CCS, and (c) N2H+. We also show the N (H2) map (e.g., Andre´ et al. 2010) in panel (d). The lowest
contour and contour interval for the N (H2) map are 1× 1022 cm−2.
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Fig. 11. Channel maps of the C18O emission made at every 0.3 km s−1 in the velocity range from 4.3 km s−1 to 8.8 km s−1. Each panel is overlaid on the
image shown in figure 1. The velocity range (in units of km s−1) used for the integration is shown in the brackets in each panel. The lowest contour level and
the contour interval are 0.5 K km s−1. The color scale for the C18O intensity is indicated in the top right corner.
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Fig. 12. The C18O intensity distributions of the four velocity components shown by the black/white contours (see text). The lowest contour and the contour
interval are 1.4 K km s−1. The background image is the same as that in figure 1. Velocity ranges in units of km s−1 used for the integration of each component
are shown in the parentheses above each panel.
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Fig. 13. Distributions of the 3 km s−1 component and the 10 km s−1 component identified based on the 13CO data (see text). Velocity ranges in units of km
s−1 used for the integration of each component are shown in the parentheses above each panel. The lowest contour and the contour interval are 3.0 K. The
background images are the same as that in figure 1.
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Fig. 14. Position-velocity diagrams of the C18O emission line taken along the cuts (a)–(r) shown in the C18O intensity map at the top-left panel. The lowest
contour and the contour interval are both 0.6 K. The horizontal-vertical red broken line indicates the systemic velocity (VLSR = 7.3 km s−1). The white
broken lines indicate the position of IRS1A South as well as the positions separated by±1000′′ from the source roughly corresponding to the boundary of the
H ii region. Two elliptical structures are marked with a pink ellipse in panels i and p.
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Fig. 15. A schematic representation of the W40 H ii region showing that the two shells were created by the expansion of the H ii region. The small inner shell
is found in the vicinity of the H ii region, and the other is the larger outer shell corresponding to the boundary of the H ii region.
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Fig. 16. (a) PV diagram of the C18Oemission line (the same diagram as figure 14b). PV diagram of (b) the 13CO emission line and (c) the 12CO emission
line taken along the same cut labeled b’-b. The lowest contour and contour interval are 1.0 K km s−1 for panel (b) and 4.0 K km s−1 for panel (c). (d) PV
diagram of the C18O emission line (color scale + white contour) and CCS emission line (black contour) taken along the cut A-A’. The lowest contour and
contour interval are 0.6 K km s−1 for C18Oand 0.4 K for CCS. The vertical broken line indicates the systemic velocity (VLSR = 7.3 km s−1) for panes a – d.
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Fig. 17. Composite color image of W40 and Serpens South made from the integrated intensity maps, with the 5 km s−1 component in blue, the 6 km s−1
component in pink, and the 7 km s−1 component in green, and the 8 km s−1 component in red, respectively. The background image is the same as that in
figure 1 for panel (a), and the Herschel 250µm image for panel (b).
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Fig. 18. Schematic illustration of the proposed model for the three-dimensional geometry of the W40 and Serpens South complex. As indicated in the box
drawn by the broken line, panel (a) shows the view as is observed on the sky (e.g., see figure 17), panel (b) shows the view observed from the declination axis
orthogonal to the line of sight, and panel (c) shows the view observed from the right ascension axis. There are two expanding shells created by the H ii region
(see figure15). In the model, the 3 and 5 km s−1 components are located on the near side of the inner shell, and the 10 km s−1 component is located on
the far side of the inner shell. The 6 and 7 km s−1 component are located around the surface of the outer shell. Both of the components associated with the
young cluster of Serpens South are likely to be interacting with the outer shell. The 8 km s−1 component is located on the far side of the outer shell.
